Abstract. We report here an efficient and high-frequency protocol for direct shoot bud differentiation from mature leaves and petioles of greenhouse-grown Begonia tuberhybrida plants. Shoot buds were induced directly on the adaxial surface of leaf tissues from not only at the cut ends, but also across the entire surface of both leaf and petiole segments. The highest frequency of shoot bud formation was 90%, and the maximum number of shoots (132) per leaf explant was achieved with modified Murashige and Skoog (MS) (Murashige and Skoog, 1962 ) media supplemented with 1.0 mgÁL -1 a-naphthalene acetic acid (NAA) and 2.0 mgÁL -1 thidiazuron (TDZ). In petioles, the highest frequency of shoot buds was 82%. A maximum number of 33 shoots per explant was achieved with 0.5 mgÁL -1 NAA and 2.0 mgÁL -1 TDZ. The number of shoots produced in both explants was drastically reduced in the treatment with benzyl-aminopurine (BAP) alone or in combination with NAA and/or TDZ. The regenerated shoots were rooted on MS medium supplemented with 0.5 mgÁL -1 NAA. All the elongated shoots developed into complete, rooted plantlets within 3 months. All the plantlets were successfully transferred to soil in pots in the greenhouse and they produced morphologically normal flowers. Chemical names used: a-naphthalene acetic acid (NAA), N-phenyl-N#-1,2,3-thiadiazol-5ylurea (TDZ; thidiazuron), 6-benzyl aminopurine (BAP) Begonias are one of the most popular ornamental plants in the world and are used as garden plants and potted plants, in hanging baskets, and as greenhouse flowers. Many also have large, showy, and long-lasting flowers that vary in color from white and pink to red and yellow. The wholesale value of floriculture crops in the United States was $3.83 billion in 2009, among which bedding and garden plants accounts to $1.81 billion (data from USDA floriculture crops 2010 summary). California and Florida account for 46% of the total bedding and garden plants.
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The genus Begonia contains %2000 species and belongs to the family Begoniaceae. This genus is classified into three general groups by rootstock and includes the tuberous type, the rhizomatous type, and the fibrousrooted type (Kishimoto et al., 2002) . A widely cultivated species of the tuberous type, B. tuberhybrida, is probably the result of hybridization among several Andean species.
Begonia ·tuberhybrida, generally known as tuberous Begonia, involves numerous strains and cultivars with various plant forms of flower size and color and is one of the most popular flowerpot crops. In addition to ornamental use, the leaves and roots of tuberous Begonias are also used for medicinal purposes (Doskotch and Hufford, 1970; Laferriere, 1992) . Begonias are usually propagated by conventional vegetative methods such as stem and leaf cuttings. One of the drawbacks to vegetative propagation by cuttings is this has a low multiplication rate (Peck and Cumming, 1984) . In addition, many pathogens such as viruses, bacteria, and fungi can enter plants through cuttings resulting in infection of the plants. To circumvent these problems, in vitro techniques have been explored, albeit in a limited and spotty fashion.
Despite significant advances made in tissue culture in other ornamentals (Debergh et al., 1990; Hedtrich et al., 1983; Teixeira da Silva, 2003; Varshney and Dhawan, 1998) , information on Begonia tissue culture and regeneration is limited (Castillo and Smith, 1997; CherngKang and Chih-Cheng, 2009; Espino et al., 2004; Mendi et al., 2009; Takayama, 1990) . This is particularly true for Begonia tuberhybrida. In fact, only limited data are available on low-frequency shoot regeneration and rooting from leaves and petioles (Debergh and Maene, 1981; Iida et al., 1986; Kiyokawa et al., 2001; Shimada et al., 2007; Viseur and Lievens, 1987) . Also, micropropagation of Begonia using microshoots has limited scaleup potential. It has been observed that not more than 10 cuttings can be harvested from a single proliferating shoot primordium from a large tuber (Peck and Cumming, 1984) . Simmonds and Werry (1987) used liquid shaker culture of Begonia ·hiemalis tissues to separate adventitious buds on petiole explants with limited success. Similarly, Nakano et al. (1999) obtained eight to nine adventitious shoots per explant from both leaf and petiole segments of the ''rose-formed'' strain of hybrid Begonia tuberhybrida Voss. Thus, the establishment of a robust and efficient plant regeneration protocol for Begonia is important, particularly for the development of transgenic ornamentals, an area where little work has been done.
Hence, we report here a novel and highfrequency protocol for in vitro plant regeneration from leaf and petiole segments of Begonia tuberhybrida through direct shoot bud formation, without intervening callus phase, that resulted in complete regeneration of plantlets within 3 months.
Materials and Methods
Seeds of Begonia tuberhybrida obtained from the Oglevee Ltd. (Connellsville, PA) were planted in the greenhouse in 15.2-cm pots with four seeds in each pot. Fully expanded leaves with %3-to 4-cm petioles were excised from healthy plants. The petioles were cut off from the leaf segment and explants were rinsed with a drop of soap in running tap water for 10 min. The explants were then transferred to a flow hood and surface-sterilized by immersing in 70% ethyl alcohol for 1 min followed by 10-min incubation in 1% commercial bleach with intermittent shaking. The explants were subsequently rinsed three times at 5-min intervals in sterile distilled water. Once the explants were surface-sterilized, the exposed cut ends of petioles and leaves were trimmed again and made into 1-cm length pieces in case of petioles and 1-cm 2 pieces in case of leaves. The explants were blot-dried between sterile filter papers. The basal medium used for all the experiments was a Murashige and Skoog (1962) mineral formulation containing its standard salts and vitamins, 3% sucrose, and solidified with 0.56% agar. In addition, the basal medium was supplemented with 400 mgÁL -1 thiamine and 100 mgÁL -1 myoinositol to improve regeneration. The pH of the media was adjusted to 5.8 with 0.1 M NaOH or 0.1 M HCl before autoclaving at 121°C for 20 min. Explants (leaf and petiole segments) were placed on each petri dish (100 · 15 mm) containing 20 mL of solidified MS medium augmented with different combinations of plant growth regulators (leaf: 1.0 mgÁL -1 NAA and 2.0 mgÁL -1 TDZ; petioles: 0.5 mgÁL -1 NAA and 2.0 mgÁL -1 TDZ). The explants were incubated in the dark at 24 ± 2°C for 3 d and then transferred to a 16/8-h photoperiod provided by cool-white fluorescent lights at a quantum flux density of 30 mmolÁm To whom reprint requests should be addressed; e-mail svr11@psu.edu.
Cultures were examined and photographed with a Stereo zoom microscope (Olympus-SZX12, Tokyo, Japan). By Day 6 to 7, the petiole and leaf segments became swollen and by Day 15, shoot buds were visible as dark green protuberances classified as Stage I shoot buds. These developed into Stage II shoots with clearly defined leaves by Day 21. The shoots were then transferred onto fresh media for another 2 weeks, and all regenerated shoots were separated and subcultured onto elongation medium (MS basal medium supplemented with 0.5 mgÁL -1 of GA 3 for 3 weeks. The elongated shoots were separated individually and each placed in a rooting medium [MS basal medium containing 0.5 mgÁL -1 of indole-3-acetic acid (IAA)] for 3 weeks and all rooted plantlets were transferred to the greenhouse.
Each treatment consisted of, in the case of leaves, 10 explants and five replications and, in the case of petioles, five explants and five replications. The percentage of explants with shoots and mean number of shoots per explant were recorded after 4 weeks of culture for each treatment and replication. Percentage data were subjected to arcsine transformation for real numbers before analyses by analysis of variance and then converted back to percentages for presentation in the figures according to Snedecor and Cochran (1968) . Treatment means were statistically compared using Duncan's new multiple range test (Duncan, 1955) . Statistical analysis was done separately for leaf and petiole explants.
Results and Discussion
In the current study, shoots were induced directly from leaf and petiole segments of mature plants of Begonia. Leaf and petiole explants enlarged in size and turned dark green within 2 weeks of culturing. After 7 d in culture, proliferation of new cells at the cut ends of leaves was observed (Fig. 1A) . These cells continued to divide, forming a group of small cells. After 15 d in culture, this group of cells became pronounced and could easily be identified as meristematic, the precursors to adventitious shoot buds (Figs. 1B and E). Continued proliferation of small meristemoid cells resulted in rapid expansion of the surface area and the total tissue volume. A consequence of this expansion of cell mass was protrusion of a bud primordium above the leaf and petiole surface, which became visible after 3 weeks in culture (Figs. 1C and G) . After 30 d, the bud primordia progressed into the early stage of adventitious shoot bud development (Figs. 1D and F). Shoot buds emerged directly from the surface of the leaves and petioles not only at the cut ends, but also across the entire surface as small green protuberances within 2 weeks (Figs. 1C, F , and G). Although the early events during the development of an adventitious shoot meristem are still largely unknown, the ratio of auxin to cytokinin appears to be one of the factors affecting the pattern of morphogenesis from petiole and leaf explants (Thorpe, 2004) .
The type and concentration of cytokinins added to the medium had a significant effect on shoot bud induction in both leaf and petiole explants. Statistically significant differences between treatments were observed. Thidiazuron was more effective than BAP. In the absence of auxin, no shoot bud differentiation was observed at 1.0 mgÁL -1 BAP in either leaves or petioles (Figs. 2 and 3 ). In contrast, 2% shoot buds were observed only in the leaves and not in the petioles in media supplemented with 2.0 mgÁL -1 BAP. When BAP was substituted with 1.0 mgÁL -1 TDZ, 4% of leaves produced shoot buds. At 2.0 mgÁL -1 TDZ, the percentage of leaves producing shoot buds increased to 10%. In case of petioles, 16% of them showed buds with 1.0 mgÁL -1 TDZ. This frequency increased to 20% at 2.0 mgÁL -1 TDZ. The differences between single treatments and combination treatments of BAP and TDZ were statistically significant (Figs. 2 and  3) . In combination treatments of BAP (1.0 mgÁL ), an additive effect was observed for shoot bud induction in case of leaves, whereas in the case of petioles, an additive effect was observed only at higher concentrations compared with single treatments (Figs. 2 and 3) .
In the presence of auxin (NAA), the highest frequency of shoot bud formation was achieved in leaf. When the modified MS was supplemented with 1.0 mgÁL -1 NAA and 2.0 mgÁL -1 TDZ, 90% of the leaf explants produced buds (Figs. 2 and 3 ). Petioles gave a similar robust response to optimizing the balance between cytokinins and auxin. Eighty-two percent of the petioles produced shoot buds when the growth medium was supplemented with 0.5 mgÁL -1 NAA and 2.0 mgÁL -1 TDZ (Figs. 2 and 3) . With increasing concentrations of both NAA and TDZ, an increase in shoot bud differentiation was observed in both leaf and petiole. The differences for shoot bud induction in both leaf and petiole explants between the combination treatments of NAA + TDZ and NAA + BAP were statistically significant (Figs. 2 and  3) . In combination treatments of NAA and BAP, the frequency of shoot bud induction in both leaf and petiole explants increased with increasing concentration of NAA up to 0.5 mgÁL -1 NAA and then decreased with further increase in NAA concentration (1.0 mgÁL -1 ). With increase in concentration of BAP also, the frequency of shoot bud induction decreased. In leaves, the highest frequency was 42% with 0.5 mgÁL -1 NAA and 1.0 mgÁL -1 BAP, whereas in petioles, the highest frequency was 36% with 0.5 mgÁL ) are held constant and combined in a medium in which the concentration of NAA increasingly varies, an increase in the frequency of shoot bud induction was observed from leaf explants (Figs. 2 and 3) . Bud induction maximized at 50% at 1.0 mgÁL -1 NAA. In contrast, petiole bud formation maximized at 48% in 0.05 mgÁL -1 NAA and then decreased with increases in auxin to a minimum of 36% shoot bud induction at 1.0 mgÁL -1 . Increasing TDZ and BAP to 2.0 mgÁL -1 with simultaneous, increasing concentrations of NAA resulted in an increase in shoot bud induction. In the case of leaf explants, shoot bud formation increased to 60% at 1.0 mgÁL -1 NAA. Similar trend was observed in case of petioles also, the maximum being 64% at 1.0 mgÁL -1 NAA (Fig. 3 ) These results reported here, in addition to those reported earlier, indicate a defining role for cytokinins and auxins as function of type, concentration, and combination in the differentiation process. Optimum concentrations of TDZ (2.0 mgÁL -1 ) combined with an auxin (1.0 mgÁL -1 NAA) induced the highest frequency of direct shoot buds both from leaf (90%) and petiole (82%) explants. When BAP was substituted for TDZ, there were significant reductions in the incidence of shoot bud differentiation (Figs. 2 and 3) .
Routine applications of cytokinin were insufficient to induce shoot bud differentiation on leaf and petiole explants of Begonia. In the current study, BAP alone and in combination with various concentrations and combinations of NAA and TDZ had an adverse effect in that the number of adventitious shoot buds decreased and shoot growth and development were completely disturbed. However, the combinations of low auxin concentration (NAA, 0.1 mgÁL -1 ) along with BAP promoted adventitious shoot bud formation.
In single or combination treatments of BAP and TDZ, a low number of shoots per leaf or petiole explant was observed (Figs. 4  and 5) . Statistically significant differences between combination treatments of BAP + TDZ or NAA + TDZ + BAP were observed for induction of number of shoots per leaf and petiole explants. A maximum of 8.4 shoots/leaf and 6.8 in case of petioles resulted at 2.0 mgÁL (Figs. 4 and 5 ). When BAP was substituted for TDZ in combination with NAA, however, a low frequency of shoots was observed with the maximum being 8.2 per leaf and 9.6 per petiole when treated with 0.5 mgÁL -1 NAA and 1.0 mgÁL -1 BAP (Figs. 4 and 5) . Similarly, in combination treatments of NAA, BAP, and TDZ, the number of shoot per leaf or petiole explant decreased drastically compared with treatment with NAA and TDZ. These results indicate that BAP interacted with TDZ and reduced the number of shoots per explant (Figs. 4 and 5) . Thidiazuron, a substituted phenylurea that is commercially used as a defoliant for cotton plants to drop green leaves prematurely for easier harvest of cotton bolls, has been shown to exhibit strong cytokinin-like activity in several culture systems, similar to that of N 6 -substituted adenine derivatives (Mok et al., 1987; Thomas and Katterman, 1986) . Thidiazuron has been reported to induce shoot regeneration in some recalcitrant legumes and from leafy explants of many dicots (Huetteman and Preece, 1993; Malik and Saxena, 1992) . This hormone has also been reported to cause embryo differentiation in tobacco leaf discs (Gill and Saxena, 1993) , geranium hypocotyls (Visser et al., 1992) , and petiole cultures of Pelargonium ·hortorum (Haensch, 2004) . Pati et al. (2004) reported the formation of adventitious buds directly on the base of petiole in a medium containing 1.5 mgÁL -1 TDZ and 0.05 mgÁL -1 NAA in Rosa damascene. The mechanisms of action of TDZ are not completely understood and have been reviewed by Murthy et al. (1998) . TDZ may be involved in the reprogramming and expression of the competent cells necessary for them to undergo differentiation and development. TDZ was found to induce synthesis or accumulation of endogenous cytokinins (Hare and Van Staden, 1994; Murch and Saxena, 2001; Murthy et al., 1998; Thomas and Katterman 1986) . This may result from several possibilities: inhibition of cytokinin degradation by cytokinin oxidase; an increase in synthesis; an increase in catabolism; or a conversion of storage forms to biologically active cytokinins. These results indicate that adventitious bud formation may be triggered by cytokinin synthesized in other parts of the plant or as a result of cytokinin uptake from the media.
The shoot bud differentiation was observed in %2 weeks on both leaf and petiole explants. The number of shoot buds per leaf explant varied from 200 to 250, whereas for the petiole explant, it was from 75 to 100. Even after the subculture, however, most of them showed little elongation. These small shoots were difficult to excise from the explant. After the second subculture, the elongated shoots were easy to excise and could be transferred to rooting media. It has been reported for Begonia as a species (Nakano et al., 1999) that, although a large number of adventitious shoots can be obtained from single explants, most of them are too small for excision (Peck and Cumming, 1984; Simmonds and Werry, 1987 ). In the current study, however, the combination treatments of NAA and TDZ had a maximum of 132.2 shoots that could be recovered from leaf explant and 33 shoots from petiole explants, which subsequently regenerated into robust plants lacking any evidence of somaclonal variation. This result stands in stark contrast to previous studies. Espino et al. (2004) and Nakano et al. (1999) reported only eight to nine shoots per leaf in Begonia tuberhybrida and up to eight shoots in B. eliator, B. semperflorens, and B. tiger, respectively. Although tissue culture methods and conditions for different Begonia have been reported, their requirements of growth regulators are defining. The number of buds in these studies appears to have been influenced by the different plant hormones. In particular, several investigators have shown that diverse auxin and cytokinin concentrations and/or combinations are required in different species (Thorpe, 2004) . The mechanism(s) that allow different genotypes of the same species to discriminate often subtle differences among growth regulators is unknown.
Moreover, this study shows the shoot buds appeared not only at the cut ends of the leaf and petiole explants, but also across the entire surface of the explants. This growth pattern suggests that cytokinin transport through tissues might also play a role in the in vitro response to this class of hormone. In some cases, tissues or cells that responded during the induction of in vitro shoot organogenesis were not in contact with the hormones in the induction media. Recent genetic and molecular studies have indicated that the induction by cytokinin appears to occur up through regulation of expression of certain key regulatory genes involved in differentiation. Different types of genes may be expressed at different developmental stages, ranging from initial hormone response to late shoot meristem development (Haberer and Kieber, 2002) .
The combination of high auxin (NAA) concentration (1.0 mgÁL ) led to regeneration of many buds distributed all along the petiole and leaf explants. It is likely that regenerationinhibiting factors exist in the tissues surrounding the wounded portions of leaf and petiole explants from where the regeneration of buds occurs. The presence of auxin in the medium reduces this inhibition, although many other groups are currently exploring its basis. Nevertheless, it is unambiguously clear that the leaf and petiole explants can respond significantly to shoot regeneration factors such as cytokinin in the presence of auxin.
The process of de novo organogenesis is known to involve three steps: the acquisition of competence; shoot induction; and organogenesis determination (Christianson and Warnick, 1988) . The plant cells first acquire competence and then, after induction by a phytohormone signal, form a population of developmentally determined cells. Subsequently, morphogenesis proceeds independently of exogenously supplied hormones (Sugiyama, 1999 ). In the current study, the shoots regenerated directly from leaf and petiole explants were successfully separated and transferred to shoot elongation media containing MS basal medium supplemented with 0.5 mgÁL -1 GA 3 (Fig. 1H ). Both full-strength MS and half-strength MS medium supplemented with 0.5 mgÁL -1 IAA were used for rooting of in vitro-regenerated shoots. All of the regenerated shoots that were placed on to MS medium supplemented with 0.5 mgÁL -1 IAA formed roots within 2 weeks. No roots were formed on shoots on incubated on medium devoid of growth regulators. The regenerated plants with roots were transferred to 25-hole trays filled with soil medium and acclimatized in the growth chamber for 2 to 3 weeks at 24°C and 80% humidity under a 16/8-h photoperiod and then transferred to the green house (Fig. 1I) . All regenerated plants that were obtained from leaves or petioles through direct shoot bud differentiation had the same morphology and flowering as the parental clone (Fig. 1J) .
This protocol holds great promise for micropropagation and genetic transformation studies in Begonia for achieving broadspectrum disease resistance and cold tolerance.
